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ABSTRACT 


The  Joint  Tactical  Information  Distribution  System  (JTIDS)  is  a  hybrid 
frequency-hoped,  direct  sequence  spread  spectrum  system  that  utilizes  a  (31,  15)  Reed- 
Solomon  (RS)  code  and  cyclical  code-shift  keying  (CCSK)  modulation  for  the  data 
packets,  where  each  encoded  symbol  consists  of  five  bits.  In  this  thesis,  an  alternative 
waveform  consistent  with  the  existing  JTIDS  channel  waveform  is  analyzed.  The  system 
to  be  considered  uses  (31,  15)  RS  encoding  as  the  original  JTIDS,  but  each  pair  of  five- 
bit  symbols  at  the  output  of  the  RS  encoder  undergo  serial-to-parallel  conversion  to  two 
five-bit  symbols,  which  are  then  independently  transmitted  on  the  in-phase  (I)  and 
quadrature  (Q)  component  of  the  carrier  using  32-ary  orthogonal  signaling  with  32  chip 
baseband  waveforms  such  as  Walsh  functions.  This  system  is  consistent  with  the  direct 
sequence  waveform  generated  by  JTIDS.  The  performance  obtained  with  alternative 
waveform  is  compared  with  that  obtained  with  the  existing  JTIDS  waveform  for  the 
relatively  benign  case  where  additive  white  Gaussian  noise  (AWGN)  is  the  only  noise 
present  as  well  as  when  pulse-noise  interference  (PNI)  is  present.  Errors-and-erasures 
decoding  (EED)  as  well  as  errors  only  decoding  is  also  considered. 

Based  on  the  analyses,  we  conclude  that  the  proposed  alternative  Eink-16/JTIDS 
compatible  waveform  performs  better  than  the  existing  Eink-16/JTIDS  waveform  in 
AWGN  as  well  as  when  PNI  is  present  for  both  coherent  and  noncoherent  demodulation. 
No  significant  advantage  is  obtained  by  using  errors-and-erasures  decoding  (EED)  for  the 
alternative  Eink-16/JTIDS  compatible  waveform. 
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EXECUTIVE  SUMMARY 


Tactical  data  links  (TDL)  have  played  a  vital  role  in  modern  military  strategy  and 
have  attracted  much  attention  since  they  form  the  basis  of  technology  that  supports 
Network  Centrie  Warfare.  In  order  to  provide  a  real-time  exehange  of  taetieal  data  to  all 
partieipants,  taetieal  data  links  must  be  able  to  effectively  aehieve  and  manage  all  of  the 
battle  information  in  a  modern  warfare  battlefield. 

The  Joint  Tactical  Information  Distribution  System  (JTIDS)/Link-I6  is  a  message 
tactical  data  link  which  is  used  by  naval,  joint  service  and  NATO  units  from  different 
countries  around  the  world.  It  provides  digital  communication  of  both  data  and  voice  for 
command  and  control,  relative  positioning,  identification,  navigation,  and  situational 
awareness. 

Link-16/JTIDS  operates  in  the  L-band  and  is  a  hybrid  frequency-hopped,  direct 
sequence  spread  spectrum  system  that  utilizes  a  (31,  15)  Reed-Solomon  (RS)  code  and 
cyelical  code-shift  keying  (CCSK)  modulation  for  the  data  paekets,  where  each  encoded 
symbol  eonsists  of  five  bits.  In  this  thesis,  an  alternative  waveform  consistent  with  the 
existing  JTIDS  ehannel  waveform  was  analyzed.  The  system  considered  uses  (31,  15)  RS 
encoding  as  the  original  JTIDS,  but  each  pair  of  five-bit  symbols  at  the  output  of  the  RS 
encoder  undergo  serial-to-parallel  conversion  to  two  live-bit  symbols,  which  are  then 
independently  transmitted  on  the  in-phase  (I)  and  quadrature  (Q)  component  of  the  carrier 
using  32-ary  orthogonal  signaling  with  32  ehip  baseband  waveforms  such  as  Walsh 
functions.  This  system  is  consistent  with  the  direct  sequence  waveform  generated  by 
JTIDS.  The  performance  obtained  with  the  alternative  waveform  was  compared  with  that 
obtained  with  the  existing  JTIDS  waveform  for  the  relatively  benign  case  where  additive 
white  Gaussian  noise  (AWGN)  is  the  only  noise  present  as  well  as  when  pulse-noise 
interference  (PNI)  is  present.  Errors-and-erasures  decoding  (EED)  as  well  as  errors  only 
decoding  was  also  considered. 

Based  on  the  analyses  and  results  of  this  thesis,  we  conclude  that  the  proposed 
alternative  Eink-16/JTIDS  compatible  waveform  performs  1.7  dB  and  1.4  dB  better  than 
the  existing  Eink-16/JTIDS  waveform  in  AWGN  for  coherent  and  noncoherent 
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demodulation,  respectively.  When  PNI  is  present,  the  alternative  waveform  outperforms 
the  existing  waveform  by  2.8  dB  and  3.1  dB  for  coherent  and  noncoherent  demodulation, 
respectively,  when  Ej^l Nq=\Q  dB.  No  significant  advantage  is  obtained  by  using  errors- 
and-erasures  decoding  (BED)  for  the  alternative  Lmk-16/JTIDS  compatible  waveform. 
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I.  INTRODUCTION 


A.  OVERVIEW 

Tactical  data  links  (TDL)  have  played  a  vital  role  in  modern  military  strategy  and 
attracted  mueh  attention  sinee  they  form  the  basis  of  technology  that  supports  Network 
Centric  Warfare.  In  order  to  provide  a  real-time  exchange  of  tactical  data  to  all 
participants,  tactical  data  links  must  be  able  to  manage  all  battle  information  in  today’s 
modem  warfare  battlefield. 

Link- 16/Joint  Tactical  Information  Distribution  System  (JTIDS)  operates  in  the 
L-band  and  is  a  good  example  of  a  waveform  designed  to  resist  interference. 
Link-16/JTIDS  uses  a  combination  of  time-division  multiple  aceess,  frequeney-hopping, 
direet  sequence  spread  spectmm,  Reed  Solomon  (RS)  encoding  and  cyclical  code-shift 
keying  (CCSK)  modulation.  Link-16/JTIDS  produces  a  32-chip  sequence  with  CCSK 
modulation  to  represent  each  5 -bit  symbol,  and  the  individual  chips  are  transmitted  using 
minimum-shift  keying  (MSK)  modulation. 

A  primary  drawback  to  JTIDS  is  the  limited  data  throughput  which  makes  it  ill 
suited  for  the  transmission  of  large  blocks  of  data.  This  constrains  its  usage  to  situational 
awareness  functions,  command  and  control,  and  derivative  functions  such  as  weapon 
guidance  [1]. 

B,  THESIS  OBJECTIVE 

Some  enhancements  to  JTIDS  have  been  introduced  to  alleviate  problems  arising 

from  its  basic  design.  One  enhancement  is  Link- 16  Enhaneed  Throughput  (LET),  which 

leads  to  increased  throughput.  Eor  EET,  the  spread  spectrum  and  RS  encoding  of  the 

original  JTIDS  waveform  are  replaced  with  a  combined  RS  and  convolutional  coding 

scheme  which  can  adapt  to  required  link  capability  much  in  the  manner  of  the  variable 

throughput  design  of  the  IEEE  802.1  la  and  g  waveforms.  EET  provides  3.33,  5.08,  7.75, 

9.0,  or  10.25  times  more  throughput  than  the  basie  JTIDS  modulation  but  does  so  at  the 

expense  of  both  link  robustness  and  transmission  range.  The  highest  data  rate  EET  mode 

is  probably  insufficiently  robust  for  most  eombat  environments  [1].  In  [2]  the 
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performance  of  a  CCSK  waveform  is  compared  with  an  orthogonal  waveform.  In  [3]  an 
analysis  of  different  forward  error  correction  (FEC)  techniques  for  high-rate  direct 
sequence  spread  spectrum  is  examined.  In  [4],  an  analytical  approximation  for  the 
probability  of  symbol  error  of  CCSK  is  derived,  but  the  performance  obtained  is 
optimistic  by  about  2  dB  [5].  In  this  thesis,  an  alternative  waveform  consisting  of  (31,  15) 
RS  encoding  and  32-ary  orthogonal  signaling  with  32  chip  baseband  waveforms  is 
analyzed.  The  alternative  waveform  is  consistent  with  the  existing  JTIDS  channel 
waveform.  The  effects  of  both  additive  white  Gaussian  noise  (AWGN)  and  pulse-noise 
interference  (PNI)  are  investigated.  To  the  best  of  the  author’s  knowledge,  the  effect  of 
PNI  on  this  waveform  has  not  been  previously  investigated. 

C.  THESIS  OUTLINE 

This  thesis  is  organized  into  the  introduction,  background  (Chapter  II)  and  five 
additional  chapters.  Chapter  III  contains  an  analysis  of  the  performance  of  32-ary 
orthogonal  signaling  with  (31,  15)  RS  encoding  in  an  AWGN  environment.  In  Chapter 
IV,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  in  both 
AWGN  and  PNI  environment  is  analyzed.  Chapter  V  contains  a  comparison  of  the 
performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  with  the  JTIDS 
waveform  both  for  AWGN  only  as  well  as  both  AWGN  and  PNI.  In  Chapter  VI,  the 
performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  in  both  AWGN 
and  PNI  environment  with  errors-and-erasures  decoding  is  analyzed.  Finally,  in  Chapter 
VII  the  conclusions  based  on  the  results  obtained  from  the  analysis  in  the  previous 
chapters  are  presented. 
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II.  BACKGROUND 


In  this  chapter,  some  of  the  background  knowledge  and  concepts  required  for 
subsequent  analysis  of  the  alternative  JTIDS/Link-16  waveform  considered  in  this  thesis 
are  introduced. 

A,  M-ARY  ORTHOGONAL  SIGNALS 

For  M-ary  communication  systems,  one  of  M  unique  signals, 
=  ,  is  transmitted  in  order  to  represent  symbol  m.  Each  symbol 

represents  k  bits  where  M  =  2^ .  An  M-ary  orthogonal  signal  can  be  received  either 
coherently  (the  receiver  requires  the  phase  of  the  received  signal)  or  noncoherently  (the 
receiver  does  not  require  the  phase  of  the  received  signal).  This  type  of  receiver  can  be 
implemented  either  with  a  bank  of  M  multipliers  and  low  pass  filters  or  with  a  bank  of 
M  matched  filters  [6]. 

The  waveform  of  an  M-ary  orthogonal  signal  when  AWGN  is  present  ean  be 
represented  by 

s^{t)  =  42A^c^{t)cos{2nf^t  +  Q,)  +  n{t)  (2.1) 

where  n(t)  is  AWGN  noise  with  PSD  N^l  2  ,  the  phase  differenee  is  known  for  coherent 
detection  and  c^{t) ,  m  =  1,2,...,M  ,  is  a  baseband  waveform  that  represents  symbol  m  .  A 

block  diagram  of  a  coherent  M-ary  orthogonal  baseband  waveform  demodulator  is  shown 
in  Figure  1. 

It  can  be  shown  that  the  integrator  outputs  for  each  branch  of  the 

receiver  can  be  represented  as  the  independent  Gaussian  random  variables 
X^,m  =  \,2,...,M .  The  eonditional  probability  density  funetions  for  the  random 

variables  ,  m  =  1,2,...,M ,  that  represent  the  integrator  outputs  when  the  noise  is 
modeled  as  Gaussian  are  [6] 
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(2.2) 


(2.3) 


(2.4) 


(2.5) 


Figure  1 .  Block  diagram  of  a  coherent  M-ary  orthogonal  baseband  waveform 

demodulator  (From;  [6]). 
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The  signal  is  the  same  for  noneoherent  deteetion  of  M-ary  orthogonal  signals 
when  AWGN  is  present,  but  the  phase  differenee  is  not  known.  A  bloek  diagram  of  a 
noneoherent  M-ary  orthogonal  baseband  waveform  demodulator  is  shown  in  Figure  2. 

When  AWGN  is  present,  it  can  be  shown  that  the  integrator  outputs  (^Ts) 
each  branch  of  the  receiver  can  be  represented  as  the  independent  Gaussian  random 
variables  X^,X^  ,m  =  \,2,...,M  ,  where  for  the  in-phase  integrator  outputs 


I —  ^ 

x^^  =  I  (Og  (0  cos{2nfj  +  0, )  cos{2nfj)  dt 

0 

_  I  ^A^co^^ifor,  n=m 
I  0  for,n^m 


(2.6) 


and  for  the  quadrature  integrator  outputs 

r~  ^ 

x„^  =  I  (Og  (0  cos{2nfd  +  0, )  cos{2nfj)  dt 
0 

_  j  -'j2AcSinQj  for ,n=m 
I  0  for,n^in 


(2.7) 


where 


=  cj^=NJT 


(2.8) 


The  conditional  probability  density  functions  for  the  random  variables 
,  m  =  l,2,...,M,  that  represent  the  output  of  the  branch  when  the  signal 

corresponding  to  symbol  m  is  transmitted  is  given  by  the  non-central  chi-squared 
probability  density  function  with  two  degrees  of  freedom  when  the  noise  is  modeled  as 
Gaussian  [6].  Hence, 


/r„  (a.  I  m)  = 


1 


2g' 


-exp 


2g" 


X  A 


A^|2^ 


G 


(2.9) 
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where  1^  (•)  is  the  modified  Bessel  funetion  of  the  first  kind  and  order  zero,  and 

(vjn,  n^m)  =  ^exp  ^  (2.10) 

za  [_2a 

sinee  (O)  =  1 . 


Figure  2.  Bloek  diagram  of  a  noneoherent  M-ary  orthogonal  baseband  waveform 

demodulator  (From;  [6]). 


B,  PERFORMANCE  OF  M-ARY  ORTHOGONAL  SIGNALING  IN  AWGN 

When  AWGN  is  present  with  power  speetral  density N^H,  the  probability  of 
ehannel  symbol  error  for  eoherent  M-ary  orthogonal  signaling  in  AWGN  is  [6] 
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1 

=^f 

.  J 


r  {‘f) 

1-Q(u+ 

M-\  ' 

1- 

j 

-00 

L  V^o  J 

y/ln 

and  for  noncoherent  M-ary  orthogonal  signaling  in  AWGN  is  [6] 

-nrmE,  1 


du 


(2.11) 


v«  +  l 


{n  +  \)N^ 


(2.12) 


where  is  the  average  energy  per  ehannel  symbol,  E^  =  ,  where  is  the  average 

reeeived  signal  power,  7^  is  the  symbol  duration,  and  Q{»)  is  the  Q-funetion.  Equations 
(2.10)  and  (2.11)  will  be  used  to  obtain  the  probability  of  symbol  and  bit  error  for  the 
alternative  JTIDS/Lmk-16  system  in  the  next  ehapter. 


C.  PERFORMANCE  IN  AWGN  WITH  PULSED-NOISE  INTERFERENCE 

We  have  also  to  eonsider  the  effeet  of  PNI  on  the  performanee  of  the  system.  In 
this  thesis,  we  eonsider  the  performanee  of  the  alternative  JTIDS/Lmk-16  system  in  both 
AWGN  and  PNI. 

When  a  ehannel  is  affeeted  by  AWGN,  the  noise  signal  that  arrives  at  the  reeeiver 
is  assumed  to  be  uniformly  spread  aeross  the  speetrum  and  time-independent,  but  those 
assumptions  may  not  be  valid  if  PNI  is  present.  In  this  thesis,  the  AWGN  and  PNI  are 
assumed  to  be  statistieally  independent,  and  the  PNI  is  modeled  as  Gaussian  noise.  When 
AWGN  and  PNI  are  both  present  the  total  noise  power  at  the  reeeiver  integrator  outputs 
is  given  by 

(2-13) 

where  =  Nq/Ti^  and  o]  =  Nj  /  pTi^,  and  p  is  a  fraetion  of  time  that  an  interferer  is 
switehed  on.  When  p=l,  the  interferer  is  eontinuously  on  and  is  referred  to  as  barrage 
noise  interferenee. 
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When  PNI  is  present,  the  probability  of  symbol  error  ean  be  expressed  as 
=  Pr(InterfererisON)  j!7^(AWGN+PNI)  +  Pr(InterfererisOFF)  j!7j(AWGN)  (2.14) 
where  we  assume  that  a  symbol  is  either  eompletely  free  of  PNI  or  the  entire  symbol  is 
affeeted  by  PNI.  Sinee  Pr(Interferer  is  ON)  =  p , 

P^=pp^  (AWGN+PNI)  +  (I  -  p)  (AWGN)  ,  (2.15) 

where  p^  (x)  represent  the  probability  of  symbol  error  for  eondition  as  it  is  defined  by  x  . 


D,  FORWARD  ERROR  CORRECTION  CODING 


For  JTIDS/Link-16,  the  FEC  used  is  (31,  15)  RS  eoding,  a  linear,  non-binary 
eode.  To  maintain  eonsisteney  with  the  JTIDS/Link-16  waveform,  the  alternative 
JTIDS/Link-16  waveform  also  employs  (31,  15)  RS  eoding  for  error  deteetion  and 
eorreetion.  Lor  non-binary  eodes,  symbols  are  generated  instead  of  bits  where  eaeh 
symbol  represents  m  bits  and  the  number  of  different  symbols  required  are  M  =  2'” .  An 
{n,  k)  RS  eneoder,  takes  k  information  symbols  {mk  information  bits)  and  generates  n 
eoded  symbols  {mn  eoded  bits)  [7]. 

The  probability  of  deeoder,  or  bloek,  error  for  a  t-symbol  error  eorreeting, 
nonbinary  bloek  eode  with  maximum  likelihood  deeoding  is  upper  bounded  by  [7] 

if"V(i-Ar  (2-10 

i=t+\\  I 

ov 

(2-17) 

where  the  inequality  holds  for  either  a  perfeet  eode  or  a  bounded  distanee  deeoder,  and 
p^  is  the  probability  of  eoded,  or  ehannel,  symbol  error. 


Lor  RS  eodes  and  M-diVj  orthogonal  modulation  with  M  =  2“  and  hard  deeision 
deeoding,  we  obtain  the  probability  of  information  bit  error  as  [7] 


(2.18) 
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E,  ERRORS-AND-ERASURES  DECODING 

Error-and-erasures  decoding  (EED)  is  the  simplest  form  of  soft  decision  decoding 
and  an  alternative  to  hard  decision  decoding  that  is  easily  implemented.  In  binary  erasure 
decoding,  the  output  of  the  demodulator  is  not  binary  but  ternary,  and  the  three  possible 
outputs  are  bit  1,  bit  0,  and  erasure  (e).  Suppose  that  a  received  code  word  has  a  single 
erased  bit.  Now  all  valid  code  words  are  separated  by  a  Hamming  distance  of  at  least 
Jmin  -1  •  In  general,  given  e  erasures  in  a  received  code  word,  all  valid  code  words  are 
separated  by  a  Hamming  distance  of  at  least  -  e.  Hence,  the  effective  free  distance  is 
[V] 

(2.19) 

Therefore,  the  number  of  errors  in  the  non-erased  bits  of  the  code  word  that  can 
be  corrected  is  [7] 

-^-1]-  (2-20) 

A  total  of  4  errors  and  e  erasures  can  be  corrected  as  long  as 

2t,+e<d^^.  (2.21) 

Hence,  twice  as  many  erasures  as  errors  can  be  corrected.  Intuitively,  this  makes 
sense  because  we  have  more  information  about  the  erasures;  the  locations  of  the  erasures 
are  known,  but  the  locations  of  the  errors  are  not. 

Eor  error-and-erasures  decoding,  the  probability  that  there  are  a  total  of  i  errors 
and  j  erasures  in  a  block  of  n  symbols  is  given  by  [7] 

(  yi\(  n—i\ 

Pr(/,y)=  (2.22) 

v^A  J  y 

where  each  symbol  is  assumed  to  be  received  independently,  is  the  probability  of 
channel  symbol  erasure,  is  the  probability  of  channel  symbol  error,  and  the 
probability  of  correct  channel  symbol  detection  is  [7] 

Ps=^-Pe-Pc-  (2.23) 
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Since  a  block  error  does  not  occur  as  long  as  >  2i  +  j ,  then  the  probability  of 


correct  block  decoding  is  given  by 

n 

i=0  V "  j 


pc=i: "  Pi  s 

'■=0  V  ^  y  i=o 


n-i 

j 


Pi  Pc '  ^ 


In  this  case,  the  probability  of  block  error  is  given  by 


Pe-^-Pc 


Substituting  (2.24)  into  (2.25),  we  get 


!=0 


Jj 

Ps  E 
y=o 

1  J  . 

Pi  Pi '  ^  ■ 


(2.24) 


(2.25) 


(2.26) 


Using  the  average  of  the  upper  and  lower  bound  on  the  probability  of  symbol 
error  given  that  a  block  error  has  occurred,  we  can  approximate  the  probability  of  symbol 
error  as  [7] 

P^^^Pe-  (2.27) 

"  2k 


Finally,  an  approximation  for  the  probability  of  bit  error  is  obtained  by  taking  the 
average  of  the  upper  and  lower  bound  on  the  probability  of  bit  error  given  that  a  symbol 
error  has  occurred  to  get 


milp 

2m  ^ 


(2.28) 


F,  CHAPTER  SUMMARY 

In  this  chapter,  M-ary  orthogonal  signals  were  introduced  and  the  background  and 
concepts  necessary  to  examine  the  performance  of  an  alternative  JTIDS/Link-16 
waveform  which  consists  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  both  for 
coherent  and  noncoherent  demodulations  were  addressed.  The  concept  of  forward  error 
correction  (FEC)  coding  as  well  as  the  concept  of  errors-and-erasures  (EE)  decoding  was 
also  introduced.  In  the  next  chapter,  the  performance  of  an  alternative  JTIDS  waveform 
that  utilizes  (31,  15)  RS  coding  with  M-ary  orthogonal  modulation  transmitted  over  a 
channel  with  only  AWGN  is  examined. 
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III.  PERFORMANCE  ANALYSIS  OF  32-ARY  ORTHOGONAL 
SIGNALING  WITH  (31,15)  RS  ENCODING  IN  AWGN 


In  this  chapter  we  examine  the  performanee  of  32-ary  orthogonal  signaling  with 
(31,  15)  RS  eneoding  in  an  AWGN  environment. 

We  first  examine  the  performance  for  eoherent  demodulation  in  AWGN,  noise 
whieh  is  present  for  all  eommunieations  systems  even  when  there  are  no  other  types  of 
noise  present.  Second,  the  performanee  of  the  alternative  waveform  for  noneoherent 
demodulation  is  examined.  Finally,  the  results  obtained  with  eoherent  and  noncoherent 
demodulation  are  examined. 


A,  COHERENT  DEMODULATION 

For  the  alternative  JTIDS  waveform  with  32-ary  orthogonal  modulation,  the 
probability  of  channel  symbol  error  is  upper  bounded  by  [6] 


p^<{M-\)Q 


rE.. 


N, 


(3.1) 


0  J 


where  r  =  A:  /  n  ,  is  the  code  rate. 

Expressed  in  terms  of  bit  energy  ,  (3.1)  is  given  by 


p^<{M-\)Q 


IrmE. 


N, 


(3.2) 


0  J 


where  m  is  the  number  of  bits  per  symbol. 

In  this  thesis,  we  only  consider  M  =32  and  m  =  5  ,  so  (3.2)  reduces  to 


5rE, 

I  N. 


(3.3) 


vy  -'0  J 

Substituting  (3.3)  into  (2.18),  we  get  the  results  are  shown  in  Figure  3  for  32-ary 
orthogonal  signaling  with  (31,  15)  RS  eneoding  (the  alternative  JTIDS  waveform)  in 
AWGN  for  coherent  demodulation.  As  ean  be  seen,  in  order  to  aehieveR  =10  %  the 


alternative  waveform  requires  /  Ao  =  5.3  dB. 
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Figure  3.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  in 

AWGN  for  coherent  demodulation. 


B.  NONCOHERENT  DEMODULATION 

The  probability  of  channel  symbol  error  for  32-ary  orthogonal  signaling  with 
noncoherent  demodulation  is  upper  bounded  by  [6] 

rE^ 


(M-1) 

Ps^ — ^ exp 


(3.4) 


Expressed  in  terms  of  bit  energy  ,  (3.4)  is  given  by 


(^-1) 

2 


exp 


rmEf^ 


(3.5) 
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For  M  =  32  and  m  =  5  ,  (3.5)  simplifies  to 


=15.5exp 


5rE, 


2N, 


(3.6) 


0  J 


As  for  coherent  demodulation,  the  probability  of  bit  error  is  obtained  by 
substituting  (3.5)  into  (2.18).  The  results  are  shown  in  Figure  4  for  32-ary  orthogonal 
signaling  with  (31,  15)  RS  encoding.  As  can  be  seen,  in  order  to  achieve  =10  %  the 


alternative  waveform  requires  /  No  =  6.6  dB  for  noncoherent  demodulation. 


Figure  4.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  in 

AWGN  for  noncoherent  demodulation. 
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c. 


COMPARISON  OF  THE  PERFORMANCE  OBTAINED  WITH 
COHERENT  AND  NONCOHERENT  DEMODULATION 


For  purposes  of  comparison,  the  performances  obtained  for  both  coherent  and 
noncoherent  demodulation  of  the  alternative  waveform  are  plotted  in  Figure  5.  As 
previously  mentioned,  at  P^=10^^  the  alternative  waveform  requires  E^l  Nq=53  dB 
and  E^l  Nq=  6.6  dB  for  coherent  and  noncoherent  demodulation,  respectively.  Hence, 
there  is  a  gain  of  1.3  dB  at  /^=10^^  with  coherent  as  opposed  to  noncoherent 
demodulation. 


Figure  5.  Comparison  of  the  performance  of  coherent  and  noncoherent  demodulation 

for  the  alternative  waveform  in  A  WON. 
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D,  CHAPTER  SUMMARY 

In  this  chapter,  the  effects  of  AWGN  on  the  performances  for  both  coherent  and 
noncoherent  demodulation  of  the  alternative  JTIDS  waveform  were  examined.  In  the  next 
chapter,  the  performance  of  the  alternative  JTIDS  waveform  for  both  coherent  and 
noncoherent  demodulation  in  both  AWGN  and  PNI  are  examined. 


15 


THIS  PAGE  INTENTIONALLY  LEET  BLANK 


16 


IV.  PERFORMANCE  ANALYSIS  OF  32-ARY  ORTHOGONAL 
SIGNALING  WITH  (31,15)  RS  ENCODING  IN  AWGN  AND 
PULSE-NOISE  INTERFERENCE 

We  now  examine  the  performanee  of  the  receiver  in  the  presence  of  PNI  and 
AWGN.  With  PNI,  we  assume  that  the  communications  system  is  attacked  by  a  noise- 
like  signal  that  is  turned  on  and  off  periodically.  If  p  represents  the  fraction  of  time  that 
the  PNI  is  turned  on,  then  {\  -  p)  represents  the  fraction  of  time  that  the  PNI  is  turned 
off  where  0  <  /?  <  I  .  In  this  kind  of  noisy  environment,  received  symbols  are  affected 
by  two  different  levels  of  noise  power  since  some  of  the  symbols  are  affected  only  by 
AWGN  and  the  rest  by  both  AWGN  and  PNI.  If  the  one-sided  power  spectral  density 

(PSD)  of  the  AWGN  is  and  the  one-sided  PSD  of  barrage  noise  interference  is  Nj, 

then  Nj! p  is  the  PSD  of  the  PNI  since  we  assume  that  average  interference  power  is 
independent  of  p  . 

A.  COHERENT  DEMODULATION 

For  the  alternative  JTIDS  waveform,  the  probability  of  channel  symbol  error  for 
the  coherent  demodulation  is  obtained  by  combining  (2.1 1),  (2.13)  and  (2.15)  to  get 

-  M-\' 

r" 

J  J  ■ 

V2;z-  i  1^  [  V  ^0  J 

Defining  N^,  y^=Ef^l  Nj,  and  =  1  /  +  (pY/  )  * )  >  we  obtain  from 

(4.1) 
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Ps  '  ^x|l-[l-g(M  +  ^10rXr) 


du 


f  ^  ^  1“  i-2(“  +  Vio^n) 

V2;r  I  L 


31 


(4.2) 


du 


The  probability  of  bit  error  is  obtained  by  substituting  (4.2)  into  (2.18). 

The  performance  of  the  alternative  waveform  for  different  values  of  p  in  both 
AWGN  and  PNI  for  coherent  demodulation  is  shown  in  Figure  6.  The  plot  is  obtained  for 
Ef^l  =10dB,  and  we  see  that  PNI  degrades  the  performance  of  the  system  relative  to 
barrage-noise  interference  (BNI). 


Figure  6.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  for 
different  values  of  p  in  both  AWGN  and  PNI  for  coherent  demodulation  with 

=10dB. 
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From  Table  1  we  ean  see  that  PNI  degrades  the  performanee  of  the  system  relative 
to  barrage-noise  interference  (/?  =  !)  when  /^=10^^by  almost  3.0  dB.  For  p<0.\, 

performance  is  not  affected  for  >  10^^ . 


Table  1.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  for 

different  values  of  p  in  both  AWGN  and  PNI  for  coherent  demodulation  when 

R,=10^ 


p 

EJN,  (dB) 

1 

6.3 

0.2 

9.1 

0.1 

8.3 

B,  NONCOHERENT  DEMODULATION 


When  AWGN  and  PNI  are  both  present,  the  probability  of  channel  symbol  error 
for  32-ary  orthogonal  signaling  with  noncoherent  demodulation  is  obtained  by  combining 
(2.12),  (2.13)  and  (2.15)  to  get 


-nrm 


(n  +  1) 


Eu  pE^ 


h  J 


-nrmE, 


(n  +  l)N^ 

Making  the  same  substitutions  in  (4.3)  that  were  made  in  (4.2),  we  get 


31 


-n5r 


(n  +  1) 


Eu  pE^ 


b  j 


31  t  — 


-nSrEi^ 

{n  +  \)N^ 


(4.3) 


(4.4) 
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Substituting  (4.4)  into  (2.18),  we  get  the  performance  of  the  alternative  waveform 
for  different  values  of  p  in  both  AWGN  and  PNl  for  noncoherent  demodulation.  The 
results  are  shown  in  Figure  7.  The  plot  is  obtained  for  =10dB,  and  we  see  that 

PNl  degrade  the  performance  of  the  system  relative  to  barrage-noise  interference  (BNl) 
just  as  in  the  case  of  coherent  demodulation. 


Figure  7.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  for 
different  values  of  p  in  both  AWGN  and  PNl  for  noncoherent  demodulation  with 

=10dB. 


From  Table  2  we  can  see  that  PNl  degrades  the  performance  of  the  system  relative 
to  barrage-noise  interference  when  =10^^by  3.1  dB.  For  p<0.\,  performance  is  not 

affected  for  7),  >  10^^ ,  just  as  in  the  case  of  coherent  detection. 
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Table  2.  Performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  for 
different  values  of  p  in  both  AWGN  and  PNI  for  noncoherent  demodulation 

when  P^^  =  10^^ . 


p 

EJN,  (dB) 

1 

8.1 

0.2 

11.2 

0.1 

10.9 

C.  COMPARISON  BETWEEN  COHERENT  AND  NON-COHERENT 
DEMODULATION 

For  purposes  of  comparison,  the  performance  for  both  coherent  and  noncoherent 
demodulation  of  the  alternative  waveform  for  p  =  \,  p  =  Q2  ,  and  /?  =  0.1  are  plotted  in 
Figures  8,  9  and  10,  respectively.  In  each  figure,  /  A^„=10  dB,  and  we  see  that  in  this 
case  PNI  degrades  the  performance  of  the  system  relative  to  BNI.  Also  in  each  figure, 
performance  with  E'^/A^=6.8  dB,  which  results  in  /),=10^*  for  noncoherent 
demodulation  when  »1,  is  compared  with  those  for  coherent  demodulation  when 

E’j/A^=6.8  dB.  The  E^IN;  required  for  /),=10^^  when  E'^/A^=10  dB  and  when 
Ef^  /  =6.8  dB  for  p  =  \,  p  =  Q2  ,  and  /?  =  0.1 ,  respectively,  are  listed  in  Tables  3,  4 

and  5. 

From  Figures  8,  9  and  10,  we  see  that  for  E'^/A„=6.8  dB,  which  leads 

asymptotically  to  /),=10^*  for  noncoherent  demodulation,  the  Ej^/Nj  required  for 

P},  =  10^^  increases  as  p  decreases.  Additionally,  for  =10  dB  and  P^,  =  10  %  as  p 

decreases,  the  difference  in  performance  between  coherent  and  noncoherent 
demodulation  increases  from  1.7  dB  for  BNI  to  2.6  dB  for  /?  =  0.I.  Note  that  a 

reduction  of  /  A^  requires  an  increase  in  /  A^  in  order  to  maintain  =  10^^ .  In  the 

case  of  noncoherent  detection,  an  approximately  3  dB  decrease  of  /  A^  leads  to  a 
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greater  than  3  dB  inerease  in  required  Nj .  The  inerease  is  the  most  extreme  for  BNI, 
when  /  Nj  must  increase  by  more  than  5  dB.  In  the  case  of  coherent  detection,  an 
approximately  3  dB  decrease  in  also  leads  to  an  increase  in  required  E^l  N^,  but 

in  this  case  the  increase  is  less  than  3  dB.  As  in  the  noncoherent  case,  the  increase  is  the 
most  extreme  for  BNI,  when  Ej^  /  must  increase  by  2.6  dB.  For  both  coherent  and 

noncoherent  demodulation,  as  p  decreases,  the  increase  in  required  E^^  /  Nj  also 
decreases. 


Figure  8.  Comparison  of  the  performance  of  the  alternative  waveform  with  both 
A  WON  and  BNI  for  coherent  and  noncoherent  demodulation. 
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Table  3.  Comparison  of  the  performanee  of  the  alternative  waveform  with  both  AWGN 
and  BNI  for  eoherent  and  noneoherent  demodulation  wheni^  =  10  ^ . 


£,/A,(dB) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

6.3 

10 

Noneoherent 

8.1 

6.8 

Coherent 

8.9 

6.8 

Noncoherent 

13.3 

Figure  9.  Comparison  of  the  performanee  of  the  alternative  waveform  for  p  =  0.2 
with  both  AWGN  and  PNI  for  eoherent  and  noneoherent  demodulation. 
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Table  4.  Comparison  of  the  performanee  of  the  alternative  waveform  for  p  =  0.2  with 
both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation  when 

P,=10^ 


£,/A,(dB) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

9.1 

10 

Noncoherent 

11.2 

6.8 

Coherent 

10.4 

6.8 

Noncoherent 

14.4 

Figure  10.  Comparison  of  the  performance  of  the  alternative  waveform  for  /?  =  0.1  with 
both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation. 
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Table  5 .  Comparison  of  the  performanee  of  the  alternative  waveform  for  /?  =  0. 1  with 
both  AWGN  and  PNI  for  eoherent  and  noneoherent  demodulation  when 

p,=io-^ . 


EJNS^B) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

8.3 

10 

Noncoherent 

10.9 

6.8 

Coherent 

9.6 

6.8 

Noncoherent 

14.5 

D.  CHAPTER  SUMMARY 

In  this  chapter,  the  effects  of  AWGN  and  PNI  on  the  performance  of  the 
alternative  JTIDS  waveform  for  both  coherent  and  noncoherent  demodulation  were 
examined.  In  the  next  chapter,  the  performance  of  the  original  JTIDS  waveform  for  both 
coherent  and  noncoherent  demodulation  is  examined  for  AWGN  as  well  as  for  both 
AWGN  and  PNI.  The  performance  of  the  alternative  waveform  is  then  compared  to  the 
original  JTIDS  waveform  for  both  coherent  and  noncoherent  detection. 
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V.  COMPARISON  OF  THE  PERFORMANCE  OF  32-ARY 
ORTHOGONAL  SIGNALING  WITH  (31,15)  RS  ENCODING 
TO  THAT  OF  THE  JTIDS  WAVEFORM 


In  this  chapter,  the  performanee  of  the  alternative  JTIDS/Link-16  waveform  is 
eompared  with  that  of  the  original  JTIDS/Link-16  waveform.  Results  from  [5]  are  used  to 
obtain  the  performance  of  the  original  JTIDS/Link-16  waveform. 


A,  ORIGINAL  JTIDS  WAVEFORM  IN  AWGN 
1.  Coherent  Demodulation 

For  the  original  JTIDS/Link-16  waveform,  the  FEC  used  is  (31,  15)  RS  eoding, 
and  the  modulation  is  CCSK,  whieh  is  demodulated  at  the  ehip  level.  In  AWGN,  the 
probability  of  ehannel  chip  error  with  coherent  detection  is  [5] 


Pc=Q 


lOrLE^ 

32A. 


(5.1) 


vv  --'0  J 

where  r  is  the  eode  rate,  L  =  l  for  the  single-pulse  structure,  r  =  k/  n  ,  and  is  the 
average  energy  per  bit  in  a  pulse. 

An  analytie  expression  for  the  probability  of  channel  symbol  error  for  the  CCSK 
sequence  used  in  JTIDS  is  [5] 


32 


J  / 


J=0 


32-7 


(5.2) 


where  C,j  is  the  eonditional  probability  of  ehannel  symbol  error  given  that  j  ehip  errors 
have  oecurred  at  the  output  of  MSK  ehip  demodulator.  The  values  of  are  derived  in 
[5]. 

As  in  the  previous  ehapters,  (5.2)  is  used  in 


1 


y  Ps[^-pS 


(5.3) 


i=t+\  V  *'  J 


and  (2.28)  to  obtain  an  estimate  of  the  probability  of  bit  error. 
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The  performance  of  the  original  JTIDS  waveform  with  coherent  demodulation  in 
AWGN  is  shown  in  Figure  1 1 . 


Figure  1 1 .  Performance  of  the  original  JTIDS  waveform  in  AWGN  for  coherent 

demodulation. 


2,  Noncoherent  Demodulation 


For  the  original  JTIDS/Link-16  waveform,  in  AWGN  the  probability  of  channel 
chip  error  is 


Pc 


1  ( 
—exp 


32aJ 


(5.4) 
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Again,  equations  (5.2),  (5.4)  and  (2.28)  are  used  to  obtain  the  probability  of  bit 


error. 


The  performance  of  the  original  JTIDS  waveform  in  AWGN  with  noncoherent 
demodulation  is  shown  in  Figure  12. 


Figure  12.  Performance  of  the  original  JTIDS  in  AWGN  for  noncoherent 

demodulation. 


3,  Comparison  Between  Coherent  and  Noncoherent  Demodulation  for 
the  Original  JTIDS  Waveform  in  AWGN 

For  purpose  of  comparison,  the  performance  for  both  coherent  and  noncoherent 
demodulation  of  the  original  JTIDS  waveform  is  plotted  in  Figure  13.  For  =10^^  the 
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original  JTIDS  waveform  with  coherent  demodulation  requires  E^/  Nf^=7  dB,  while 
noncoherent  demodulation  requires  Ei^/  Nq=8  dB.  Hence,  at  =10^^  the  noncoherent 
system  requires  1.0  dB  more  than  the  coherent  system. 


Figure  13.  Comparison  of  coherent  and  noncoherent  demodulation  of  the  original 

JTIDS  waveform  in  AWGN. 


B.  JTIDS  WAVEFORM  IN  AWGN  AND  PNI 
1,  Coherent  Demodulation 

For  the  original  JTIDS/Link-16  waveform  in  AWGN  and  PNI,  the  probability  of 
channel  chip  error  is  [5] 
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Pci=Q 


I32 

I  £»  pEt 


where  y^=E^/ and  jj=Ei^lNj. 
Defining  j^  =  1/(y*^‘ +(pY;)^‘)  in(5.5), 


Pci=Q 


we  obtain 

jlOr/j.  ^ 

V  32  , 


In  AWGN,  the  probability  of  ehannel  ehip  error  is  given  by  (5.1),  whieh  ean  be 
expressed  as 


PcWN  ~  Q 
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Substituting  (5.6)  into  (5.2),  we  obtain  the  probability  of  channel  symbol  error  for 
both  AWGN  and  PNI  from 


Ps,=t^,?\iA^-p.r  ■ 

J=0  \JJ 


Substituting  (5.7)  into  (5.2),  we  get 


r32 


PsWN  ^^7  •  PcWn{^  PcWn) 

j=0  \  J  J 

Now  substituting  (5.8)  and  (5.9)  into  (2.15),  we  get 
32  Y77Y 

ps=pi:^\  piEi^-pp^r^ 

y=0  \  J  J 

+  (1  ■  7^)  Z  C  f  PcWN  (1  -  PcWN  )' 

7=0  K  J  J 


(5.10) 


Substituting  (5.10)  into  (5.3)  we  approximate  the  probability  of  bit  error  by  taking 
the  average  of  the  upper  and  lower  bound  on  the  probability  of  bit  error  given  that  a 
symbol  error  has  occurred. 
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The  performance  of  the  original  JTIDS  waveform  with  different  values  of  p  for 
both  AWGN  and  PNI  is  shown  in  Figure  14.  The  plot  is  obtained  for£’^/A^=10  dB. 
From  Figure  14,  we  see  that  PNI  degrades  the  performance  of  the  system  relative  to  BNI 
by  a  maximum  of  2.2  dB.  We  also  see  that  p<0.\  is  not  effective  in  degrading 

performance.  The  required  for  =10^^  when  =10  dB  for/?  =  1 ,/?  =  0.2 

and  p  =  0.1 ,  respectively,  are  listed  in  Table  6. 


0  5  10  15  20 


E^/N,  (dB) 

Figure  14.  Performance  of  the  original  JTIDS  waveform  with  different  values  of  p  in 
both  AWGN  and  PNI  for  coherent  demodulation  when^^  /  =10  dB. 
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Table  6.  Performance  of  the  original  JTIDS  waveform  with  different  values  of  p  in  both 
AWGN  and  PNI  for  coherent  demodulation  when  =10^^  and£’^  /  =  10  dB. 


p 

EJN,  (dB) 

1 

10.0 

0.2 

12.2 

0.1 

11.4 

Noncoherent  Demodulation 


For  noncoherent  demodulation,  the  probability  of  channel  chip  error  for  the 
original  JTIDS/Link-16  waveform  in  AWGN  and  PNI  is  [7] 

f  \ 


1 


lOr 


N, 


32 


pE, 


hJJ 


for  the  single-pulse  structure. 

As  before  defining  y^.  = 


1/ 


in  (5.11),  we  obtain 


1 


PcI=l^^^V 


lOry^ 

32 


In  AWGN,  the  probability  of  channel  chip  error  is 

1 


PcWN  =Texp 


v"^y 


for  the  single-pulse  structure.  Since  yi^=  E^/ N^,  we  obtain  from  (5.13) 


1 

PcWN  = 


32 


(5.11) 


(5.12) 


(5.13) 


(5.14) 
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Substituting  (5.12)  and  (5.14)  into  (2.15),  we  get 


Ps=P^<^j\  .  Pil[^-Pcl) 


y=o 


J  J 


j=0 


32  /32\ 

+  .  PcWn{^~  PcWN^ 


J 


.32-j 


(5.15) 


Substituting  (5.15)  into  (5.3),  we  approximate  the  probability  of  bit  error  by 
taking  the  average  of  the  upper  and  lower  bound  on  the  probability  of  bit  error  given  that 
a  symbol  error  has  oeeurred. 

The  performanee  of  the  original  JTIDS  waveform  with  different  values  of  p  for 
both  AWGN  and  PNI  is  shown  in  Figure  15.  The  plot  is  obtained  for£'j/A^=10  dB. 


From  Figure  15,  we  see  that  PNI  degrades  the  performanee  of  the  system  relative  to  BNI 
by  3.3  dB.  As  with  eoherent  demodulation,  p<Q.\  is  not  effeetive  in  degrading 
performanee. 

The  Ei,/Nj  required  for  /),=10^^  when  £'^/A_,=10  dB  for/?  =  1 ,/?  =  0.2 


and /?  =  0.1 ,  respeetively,  are  listed  in  Table  7. 
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0  5  10  15  20 

Ej^/N,  (dB) 

Figure  15.  Performance  of  the  original  JTIDS  waveform  with  different  values  of  p  in 
both  AWGN  and  PNl  for  noncoherent  demodulation  whenF'^  /  =  10  dB. 


Table  7.  Performance  of  the  original  JTIDS  waveform  with  different  values  of  p  in  both 
AWGN  and  PNl  for  noncoherent  demodulation  when  =10^^  and 

£',/A„  =  10dB. 


p 

EJN,  (dB) 

1 

12.3 

0.2 

15.4 

0.1 

15.6 
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3,  Comparison  Between  Coherent  and  Noncoherent  Demodulation  for 
the  Original  JTIDS  Waveform  in  AWGN  and  PNI  with Eb/No=\^  dB 

For  purposes  of  comparison,  both  coherent  and  noncoherent  demodulation  of  the 
original  JTIDS  waveform  with =  1  ,/?  =  0.2  ,/7  =  0.1  and  yC>  =  0.05  for  £'^/A^=10dB 
are  plotted  in  Figures  16,  17,  18  and  19,  respectively.  The  performance  for  coherent 
demodulation  is  superior  to  that  of  noncoherent  demodulation,  and  the  relative  benefit  of 
coherent  demodulation  increases  as  p  decreases  for  p  >  0.1 .  For  yO  <  0.1,  Py,  <  10  ^  for  all 
E/^/Nj  when  £'y,/A^  =  10  dB.  For  comparison  purposes,  the  E^^/Nj  required  for 
=  10^^  when  E^/  N^=\0  dB  for  /?  =  1 ,  /?  =  0.2  ,  /?  =  0. 1  and  p  =  0.05 ,  respectively,  are 
listed  in  Tables  8,  9  and  10. 


E^/N,  (dB) 


Figure  16.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both 
AWGN  and  PNI  with  p  =  \  for  coherent  and  noncoherent  demodulation 

when^y,  /  =10  dB. 
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Table  8.  Comparison  of  the  performanee  of  the  original  JTIDS  waveform  in  both  AWGN 
and  PNI  with  p  =  \  for  coherent  and  noncoherent  demodulation  when  =10^^ 

and  EJN^=\0  6B. 


Demodulation 

EJN,  (dB) 

Coherent 

10.0 

Noncoherent 

12.3 

Figure  17.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both 
AWGN  and  PNI  with p  =  0.2  for  coherent  and  noncoherent  demodulation 

when£'^  /  =10  dB. 
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Table  9.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both  AWGN 
and  PNI  with p  =  0.2  for  coherent  and  noncoherent  demodulation  when 

P,  =10  '  and  £',/A„=10dB. 


Demodulation 

EJN,  (dB) 

Coherent 

12.2 

Noncoherent 

15.4 

Figure  18.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both 
AWGN  and  PNI  with  /?  =  O.I  for  coherent  and  noncoherent  demodulation 

whenE'^  /  =10  dB. 
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Table  10.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both  AWGN 
and  PNI  with /?  =  0.1  for  coherent  and  noncoherent  demodulation  when 

P,  =10  '  and  £',/A„=10dB. 


Demodulation 

EJN,  (dB) 

Coherent 

11.4 

Noncoherent 

15.6 

5  10  15  20  25 


E^/N,  (dB) 

Figure  19.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  in  both 
AWGN  and  PNI  with p  =  0.05  for  coherent  and  noncoherent  demodulation 

whenE'^  /  =10  dB. 
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4,  Comparison  Between  Coherent  and  Noncoherent  Demodulation  for 
the  Original  JTIDS  Waveform  in  AWGN  and  PNI  with  Different 
Values  ofEb!  Ni 

For  purposes  of  comparison,  both  coherent  and  noncoherent  demodulation  of  the 
original  JTIDS  waveform  with/?  =  1  ,/?  =  0.2  and/?  =  0.1  in  both  AWGN  and  PNI  are 
plotted  in  Figures  20,  21  and  22,  respectively.  In  each  figure,  the  performance  for  both 
coherent  and  noncoherent  demodulation  for  =10  dB  as  well  as  for  =8.7  dB, 

which  leads  to  7^  =10^*  for  noncoherent  demodulation  when  EblNi»\,  is  plotted.  The 
Ef^l  Nj  required  for  =10^^  when  £'^/A^=10  dB  as  well  as  when  E^^/  N^=S. 7  dB 
for/?  =  1 ,  /?  =  0.2  and /?  =  0.1  are  listed  in  Tables  1 1,  12  and  13,  respectively. 

As  for  the  alternative  JTIDS  waveform,  the  comparison  between  coherent  and 
noncoherent  demodulation  for  the  original  waveform  lead  to  similar  conclusions.  From 
Figures  20,  21  and  22,  we  see  that  for  E^/  N^=S. 7  dB  which  leads  asymptotically  to 

=10^*  for  noncoherent  demodulation,  the  /  Nj  required  for  =10^^  increases  as 

/?  decreases.  Finally,  for  /  V_,=10  dB  and  =  10^^ ,  as  /?  decreases,  the  difference  in 

performance  between  coherent  and  noncoherent  demodulation  increases  from  2.3  dB  for 
BNIto4.2dB  for  /?  =  0.1. 
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Figure  20.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  with  p  =  \ 

in  both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation. 


Table  1 1 .  Comparison  of  the  performance  of  the  original  JTIDS  waveform  with  /?  =  1  in 
both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation 

whenP^  =10^^ . 


£,/A„(dB) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

10.0 

10 

Noncoherent 

12.3 

8.7 

Coherent 

12.0 

8.7 

Noncoherent 

16.6 
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Figure  21 .  Comparison  of  the  performance  of  the  original  JTIDS  waveform 
with p  =  0.2  in  both  AWGN  and  PNl  for  coherent  and  noncoherent  demodulation. 


Table  12.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  with  p  =  0.2  in 
both  AWGN  and  PNl  for  coherent  and  noncoherent  demodulation 

whenP^  =10^^ . 


£,/A„(dB) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

12.2 

10 

Noncoherent 

15.4 

8.7 

Coherent 

13.5 

8.7 

Noncoherent 

18.2 
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Figure  22.  Comparison  of  the  performance  of  the  original  JTIDS  waveform 

with /?  =  0. 1  in  both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation. 


Table  13.  Comparison  of  the  performance  of  the  original  JTIDS  waveform  with  /?  =  0. 1  in 
both  AWGN  and  PNI  for  coherent  and  noncoherent  demodulation 

whenP^  =10^^ . 


£,/A„(dB) 

Demodulation 

EJN,  (dB) 

10 

Coherent 

11.4 

10 

Noncoherent 

15.6 

8.7 

Coherent 

13.0 

8.7 

Noncoherent 

18.6 
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c. 


COMPARISON  OF  32-ARY  ORTHOGONAL  SIGNALING  WITH  (31,15) 
ENCODING  WITH  THE  JTIDS  WAVEFORM  IN  AN  AWGN 
ENVIRONMENT 


In  this  section,  we  compare  the  performance  of  the  alternative  JTIDS/Link-16 
waveform  and  the  original  JTIDS/Link-16  waveform  for  both  coherent  and  noncoherent 
demodulation  in  AWGN. 

1,  Coherent  Demodulation 

The  probability  of  information  bit  error  for  the  alternative  JTIDS/Link-16 
waveform  and  the  JTIDS/Link-16  waveform  in  AWGN  are  plotted  in  Figure  23.  For 
P^=10  %  E^/ Nq=5.3  dB  and  £'^/Ao=7dB  for  the  alternative  JTIDS/Link-16 

waveform  and  the  existing  JTIDS/Link-16  waveform,  respectively.  This  gives  a  1.7  dB 
gain  for  the  proposed  JTIDS/Link-16  waveform  as  compared  to  the  JTIDS/Link-16 
waveform. 


Figure  23.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  encoding  with 
the  original  JTIDS  waveform  in  AWGN  for  coherent  demodulation. 
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2. 


Noncoherent  Demodulation 


The  probability  of  information  bit  error  for  the  alternative  JTIDS/Link-16 
waveform  and  the  JTIDS/Link-16  waveform  in  AWGN  are  plotted  in  Figure  24.  For 
i^=10  %  E^INq  =  6.6  dB  and  £'^/Ao=8dB  for  the  alternative  JTIDS/Link-lb 
waveform  and  the  existing  JTIDS/Link-16  waveform,  respeetively.  This  gives  a  1.4  dB 
gain  for  the  proposed  JTIDS/Link-lh  waveform  as  eompared  to  the  JTIDS/Link-lh 
waveform. 


Figure  24.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  eneoding  with 
the  original  JTIDS  waveform  in  AWGN  for  noncoherent  demodulation. 
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D.  COMPARISON  OF  32-ARY  ORTHOGONAL  SIGNALING  WITH  (31,  15) 

ENCODING  WITH  THE  JTIDS  WAVEFORM  IN  BOTH  AWGN  AND  PNI 

In  this  section,  we  compare  the  performance  of  the  alternative  JTIDS/Link-lh 
waveform  and  the  original  JTID  S/Link- 16  waveform  for  both  coherent  and  noncoherent 
demodulation  when  both  AWGN  and  PNI  are  present. 

1,  Coherent  Demodulation 

We  see  in  Figures  25,  26  and  27  and  from  Tables  14,  15  and  16  that  for  7^  =  10^^ 
and  for  0.1  <  /?  <  1  the  original  JTIDS  waveform  has  a  substantially  inferior  performance 
if  the  two  waveforms  are  compared  on  an  equal  basis,  where  the  difference  is 

most  pronounced  for  BNI  but  is  3.1  dB  for  p  =  0.\ . 


Figure  25 .  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  p  =  l  for  coherent  demodulation 

whenE'^  /  =10  dB. 
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Table  14.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  p  =  \  for  coherent 

demodulation  when  =10^^  and  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

6.3 

Original 

10.0 

Figure  26.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 

JTIDS  waveform  in  both  AWGN  and  PNI  with  p  =  0.2  for  coherent 

demodulation  when  =10  dB. 
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Table  15.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  p  =  0.2  for  coherent 

demodulation  when  =10^^  and  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

9.1 

Original 

12.2 

Figure  27.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  /?  =  O.I  for  coherent 

demodulation  when  =10  dB. 
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Table  16.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  /?  =  0.1  for  coherent 

demodulation  when  =10^^  and  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

8.3 

Original 

11.4 

2.  Noncoherent  Demodulation 

In  this  subsection,  the  alternative  and  the  original  waveform  in  both  AWGN  and 
PNI  for  different  values  of  p  for  noncoherent  demodulation  are  compared. 

As  with  coherent  demodulation,  we  see  in  Figures  28,  29  and  30  and  from  Tables 
17,  18  and  19  that,  at  =10^^  and  for  0.1  </?<!,  the  original  JTIDS  waveform  is 
inferior  if  the  two  waveforms  are  compared  on  an  equal  /  Ag  basis.  In  this  case,  the 
difference  exceeds  4  dB,  and  the  maximum  difference  of  4.7  dB  occurs  for  p  =  0.\ . 
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Figure  28.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 

JTIDS  waveform  in  both  AWGN  and  PNl  with  p  =  \  for  noncoherent 

demodulation  when  =10  dB. 


Table  17.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNl  with  p  =  \  for  noncoherent 

demodulation  when  =10^^  and  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

8.1 

Original 

12.4 
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Figure  29.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 

JTIDS  waveform  in  both  AWGN  and  PNl  with  p  =  0.2  for  noncoherent 

demodulation  when  =10  dB. 


Table  18.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNl  with  p  =  0.2  for  noncoherent 

demodulation  when  =10^^  and  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

11.2 

Original 

15.4 
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0  5  10  15  20 


E^/N|  (dB) 

Figure  30.  Comparison  of  32-ary  orthogonal  signaling  with  (31,  15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNl  with  /?  =  0.1  for  the  noncoherent 

demodulation  when  ! N^=\Q 


Table  19.  Comparison  of  32-ary  orthogonal  signaling  with  (31,15)  encoding  with  the 
JTIDS  waveform  in  both  AWGN  and  PNI  with  p  =  0.1  for  noncoherent 

demodulation  when  =10^^  and  /  A„  =10  dB. 


JTIDS  (waveform) 

EJN,  (dB) 

Alternative 

10.9 

Original 

15.6 

52 


E,  CHAPTER  SUMMARY 

In  this  chapter,  the  performanee  of  the  original  JTIDS  waveform  was  eompared  to 
that  of  the  alternative  JTIDS  waveform  for  both  eoherent  and  noneoherent  demodulation 
in  AWGN  only  as  well  as  both  AWGN  and  PNI.  The  results  show  a  signifieant 
improvement  over  the  original  JTIDS  waveform  for  /?  <  1 .  In  the  next  ehapter,  the 
performanee  of  the  alternative  JTIDS  waveform  with  EED  in  AWGN  only  as  well  as 
both  AWGN  and  PNI  is  investigated  for  both  eoherent  and  noneoherent  demodulation. 
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VI.  PERFORMANCE  ANALYSIS  OF  32-ARY  ORTHOGONAL 
SIGNALING  WITH  (31,15)  RS  ENCODING  IN  AN  AWGN  AND 
PULSE-NOISE  INTERFERENCE  ENVIRONMENT  WITH  ERRORS- 

AND-ERASURES  DECODING 

In  this  chapter  the  performanee  of  32-ary  orthogonal  signaling  with  (31,  15)  RS 
eneoding  in  AWGN  as  well  as  both  AWGN  and  PNI  is  examined  for  errors-and-erasures 
deeoding.  Both  eoherent  and  noneoherent  demodulation  are  eonsidered. 

A.  COHERENT  DEMODULATION  IN  AWGN 

We  first  examine  the  effeet  of  errors-and-erasures  deeoding  for  eoherent 
demodulation  in  AWGN,  noise  whieh  is  present  for  all  eommunieation  systems  even 
when  there  are  no  other  types  of  noise  present. 

The  reeeiver  has  to  deeide  whieh  of  the  M  symbols  was  reeeived  or  deeide  that  it 
eannot  make  a  deeision  with  suffieient  eonfidenee.  If  the  output  of  eaeh  integrator 
Vj  >  X.,  i  =  1,2,...,M  ,  then  the  reeeiver  eannot  deeide  with  suffieient  eonfidenee,  and  the 
symbol  is  erased. 

Without  loss  of  generality,  we  assume  that  the  original  signal  representing  symbol 
‘1’  is  transmitted.  With  errors-and-erasures  demodulation,  if  symbol  ‘1’  is  transmitted, 
then  the  probability  of  ehannel  symbol  erasure  and  probability  of  eorreet  symbol 

deteetion  are  [6] 


p^ = Pr(v^  >  n  f;  >  ^2  n  Fr  >  x,n...  nv^>x^ii)  (6.i) 

and 

p^ = pr(x,  >  X2  n  Ai  >  A3  n...  n  Ai  >  A3, 1 1,  a^  >  v,) ,  (6.2) 

respeetively.  The  probability  of  ehannel  symbol  error  ean  be  obtained  by  substituting 
(6.1)  and  (6.2)  into 

Ps='^-Pe-Pc-  (6-3) 
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From  (6.1),  the  probability  of  symbol  erasure  is  given  by  [6] 


(6.4) 


where  (xj,X2,...,x^  1 1)  represents  the  joint  probability  density  funetion  of  the 

random  variables  that  model  the  braneh  outputs.  Sinee  the  random  variables  that  model 
the  braneh  outputs  are  independent,  (6.4)  ean  be  written  as 


Pe  = 


(6.5) 

\  ^)dXM  , 

(6.6) 

-\M-\ 


J-« ^^2  (^2 1 1) =  J_^ /x,  (^3 1 1) dx,  = 

(6.5)  simplifies  to 

Pe  =  /x,  (^1  1 1)  dx,  j  ^ /x,  (^2  1 1)  dx^  J  .  (6.7) 

The  eonditional  probability  density  funetions  for  the  random 
variables , where  m  =  \,2,...,M  that  represent  the  integrator  outputs  when  the  noise  is 
modeled  as  Gaussian  noise  are  [6] 

-(x„-V24) 


/x„  I  >n)  = 


V^( 


-exp 


n<j 


2a' 


for  m<M , 


(6.8) 


and 


/>.( 


x„\n,  n 


^m)  = 


V^a 


-exp 


2a' 


(6.9) 


where  a'  =N^IT^.  Substituting  (6.8)  and  (6.9)  into  (6.7),  we  obtain 

\2' 

I  I  .  .  1'^  A 

•  Vt  1 


Pe  = 


V^a 


-exp 


-(X1-V24) 


dx, 


•  Vj-  \ 


y/lni 


-exp 


Tra 


-X2 


dx. 


M-\ 


(6.10) 
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which  can  be  evaluated  to  obtain 


,  Jv,-42a^ 

Pe  =  1-0  ^ ^ 


(V 

1-0  ^ 
V  CJ 


(6.11) 


Defining  Vj.  =  a^flA^ ,  where  0  <  a  <  1 ,  we  get 


Henee, 


,  ^faV24-V24^  ^  ^faV24 

P,=  1-0  - ^ ^  1-0  - ^ 

G  G 


2E  ]  2E 

p  =  \-Q  (a-1)  — ^  \-Q  a  — ^ 

r  ni  vn 


(6.12) 


(6.13) 


From  (6.13),  the  probability  of  ehannel  erasure  with  (n,  k)  RS  eoding  with  eode  rate  r  is 


=  l_g  (a-1)  1-0  a  ^ 

r  n\  ^  V 


(6.14) 


Expressed  in  terms  ofE^  /  ,  (6.14)  is  given  by 


,  2rmE,  ,  (  2rmE, 

p  =  1-0  (a-1)  - ^  1-0  a  - ^ 

r  n\  ^  V  N 


(6.15) 


Similarly,  we  ean  derive  an  expression  for  the  probability  of  eorreet  symbol 
deteetion  [6].  From  (6.2),  we  get 


If,  I-«I-oo-I-oo-^^.^2-J^«  (xj,X2,...,x^  \l)dx2dx^...dXf^f  \dx^  . 


(6.16) 


Sinee  the  random  variables  ,  where  m  =  l,2,...,M,  are  independent,  (6.16)  ean  be 
written  as 

Pc  =  \y  fx,  (^1 1  l)''[ri/w  (^2 1 1)^x1  Vz3  (^3  1 1)^X-I  V;r„  (^M  1 1)^-^M  dx,  (6.17) 


(6.18) 


Using  (6.6),  we  see  that  (6.17)  simplifies  to 


=  I^^  /x,  (^1  1 1)  X  [l^  A,  (^2 1 1)  dx2  dx, . 


57 


Substituting  (6.8)  and  (6.9)  into  (6.18),  we  get 

P. 

whieh  ean  be  evaluated  to  obtain 

Pc  = 


(.00  1 

1 

1 

yP 

1 

ty 

to 

1 

r*i  1 

f-4  ^ 

1  .  1 

—  exp 

\  / 
i  J 

X 

J 

^  *  y/lno 

^2a'  ; 

I 

<N 

-iM-l 


dx,  (6.19) 


(.CO  \ 

I 

I 

I 

fei 

to 

1 

r 

—  exp 
V^G 

\  / 

2g' 

X 

1-0 

l^y_ 

nM-1 


dx. 


(6.20) 


Letting  w  =  j  /  a  ,  we  get 


(.00  1 

Pc=]Vr-d-2A^e^  'X 

a  d2n 


1-0 


V24 


M  +  ■ 

V  ^  y 


M-1 


du 


(6.21) 


Finally,  with  Vj.  =  aV24  and  0  =  N^/T^ ,  we  obtain  the  probability  of  eorreet  ehannel 
deteetion  as 


Pc  = 


1 


j: 


1-0 


2F 


u  + 
V 


du 


(6.22) 


The  probability  of  eorreet  ehannel  deteetion  ean  be  expressed  in  terms  of£'^  / 
and  eode  rate  r  as 


Pc  = 


1  r® 


IrmEf, 


1-0 


M  + 


IrmEf 


M-l 


du . 


(6.23) 


V  V  "'o  y_ 

With  errors-and-erasures  deeoding,  the  probability  of  bloek  error  is  given  by  [6] 

(6.24) 


t 

* 

1 

ss 

I 

II 

SI 

(=0 

Jj 

pi  s 

j=0 

1  J  y 

pIpT"' 

where  (6.3),  (6.15)  and  (6.23)  are  used  in  (6.24). 


The  performanee  for  32-ary  orthogonal  signaling  with  a  (31,  15)  RS  eode  and 
FED  in  AWGN  for  different  values  of  a  is  shown  in  Figures  31  and  32.  From  Figures  31 
and  32,  we  see  that  performanee  degrades  for  large  a  (a  >  0.8) ,  and  there  is  not  mueh 
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difference  in  performance  for  a  <  0.5  .  At  =  10  %  there  is  a  very  small  improvement  in 

performance  when  a  =  0.6  relative  to  a  =  0.0 .  Since  a  =  0.0  implies  no  BED,  we 
conclude  that  there  is  only  a  small  improvement  in  performance  using  BED  for  the 
alternative  JTIDS/Bink-16  waveform  in  the  presence  of  AWGN.  If  a  is  too  large,  BED 
degrades  performance. 


Bigure  3 1 .  The  performance  of  32-ary  orthogonal  signaling  with  a  (3 1 ,  1 5)  RS  code  and 
BED  in  AWGN  for  different  values  of  a  for  coherent  demodulation. 
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Figure  32.  The  performance  of  32-ary  orthogonal  signaling  with  a  (31,  15)  RS  code  and 
FED  in  AWGN  for  different  values  of  a  for  coherent  demodulation. 


B.  NONCOHERENT  DEMODULATION  IN  AWGN 

With  errors-and-erasures  demodulation,  if  symbol  ‘1’  is  transmitted,  then  the 
probability  of  channel  symbol  erasure  and  probability  of  correct  symbol  detection 


are  [6] 

p^  =  Pr(F^  >X,r\V,>X^C\V^>  X3  n...  riF^  >X^\\) 

(6.25) 

and 

p^ = Pr(Xi  >x,nx,>  X3  n...  nxi  >  X3, 1  i,Xi  >  v,) , 

(6.26) 

respectively.  The  probability  of  channel  symbol  error  can  be  obtained  by  substituting 
(6.25)  and  (6.26)  into 


Ps  =  ^-Pe-Pc- 
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(6.27) 


From  (6.25),  the  probability  of  symbol  erasure  is  given  by  [6] 

•  Ft-  P'j-  Vj'  Vf 


(6.28) 


where  fy^y^  y^{v^,Vj^,...,v^  1 1)  represents  the  joint  probability  density  funetion  of  the 

random  variables  that  model  the  deteetor  outputs.  Sinee  the  random  variables  that  model 
the  braneh  outputs  are  independent,  (6.28)  ean  be  written  as 

"  F  /k.  (^1  1 1)  dvi  4  ( V2 1 1)  dv, 

^  r  I  fv,  I  ^)dvM- 


(6.29) 


Sinee  fy^  (v^  1 1) dv^  =  fy^  (V3 1 1)  JV3  = ...  =  fy^  {v^  \  l) dv^  ,  (6.30) 

(6.29)  simplifies  to 

Pe  =  [ £  fv,  (f  1 1)  dv,  1  r  1^'^'  4  ( V2 1 1)  dv^  .  (6.31) 


The  eonditional  probability  density  funetions  for  the  random  variables 
, where  m  =  1,2,...,M  ,  that  represent  the  braneh  outputs  when  the  signal  representing 

symbol  m  is  transmitted  is  the  non-eentral  ehi-squared  probability  density  funetion  with 
two  degrees  of  freedom  when  the  noise  is  modeled  as  Gaussian  noise  [6].  Henee, 


fvS^m\fn)  =  ^Q^V 


2g" 


h 


V  ^  y 


for  m  <  M  , 


(6.32) 


and 


fr  {v„\n,  n^m)  =  ^exp 
za 


Substituting  (6.32)  and  (6.33)  into  (6.31),  we  get 
Pe  = 


-v„ 


2a 


(6.33) 


cVt  1 

1  OVfA 

-(vj  +2A/j 

T 

r]v 

1 

f/v 

J,  2^=“” 

2a" 

^0 

1  y 

Cl  Kj 

[f  2a* 

_2a"  _ 

av2 

nM-1 


(6.34) 
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Equation  (6.34)  can  be  rewritten  as 


|.oo  1 

Jo 


-(b+24.^)' 

2a" 


V  ^  y 


dv^-\  — exp 
‘  K  2a" 


-(b+24.")' 

2a" 


V  ^  y 


t/Vj 


(6.35) 


1 

r-v,i 

.  1 

f  — 5- exp 
Jo  2a" 

I 

K) 

I _ 

I 

Sinee 


c®  1 

-(e  +24^) 

T 

J.  2c» 

2a' 

''0 

1  ^  J 

JVj  =  1 


(6.36) 


then  (6.35)  is  given  by 


Pe  = 


1-J  — !-yexp 
2a" 


-(vi  +  24")' 
2a" 


V  ^  y 


dv^ 


(6.37) 


f  Pf  1 

— Va 

L 

2 

dv^ 

2a" 

_2a"  _ 

Letting  =  xa  and  =  xa  and  defining  =  2aAf'  ,  where  0  <  a  <  1 ,  in  (6.37),  we 
derive 


Pe  = 


[■,20.^ 

^  2  ^ 

X  L 

f 

1  E  ^ 

n  "oxexp 

— 

— +— 

h 

2^x 

dx 

Jo 

t  2  iVo 

1  ^0  J 

-V 

l-exp|  — j 
'  2a' 


nM-1 


(6.38) 


Sinee 


■ 

n^-1  1 

M-l 

'M-V 

-naE  1 

1-exp 

[20=1 

=Z(-i) 

«=0 

V  «  y 

exp 

I 

_ I 

(6.39) 


(6.38)  ean  be  written  as 
Pe  = 


rj2a^ 

fx'  E  ) 

(  L  E  ^ 

v  ^»xexp 

— 

h 

I  J2^x 

dx 

Jo 

^2 

1 V  ^0  ) 

M-\ 


«=0 


/  ■*\n 

"M-r 

-naE, 

(-1) 

V  «  y 

exp 

^0 

(6.40) 
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From  (6.40),  the  probability  of  channel  erasure  with  {n,  k)  RS  coding  with  code 
rate  r  is 


Pe  = 


[v  ^oxexp 

'x^rE/ 

h 

dx 

Jo 

1  2  iVo  j. 

[i  ^0  7 

n=0 


"M-r 

-narE^ 

exp 

S 

V  «  ; 

(6.41) 


In  terms  of£'^  /  ,  (6.41)  can  be  expressed  as 


f  x^  rmE.  ^ 

f 

L  rmE,  '' 

V  "o  xexp 

— 

h 

2  ^x 

dx 

Jo 

1  2  nJ_ 

0 

1  K  j 

M-1 


n=0 


M-1 


V  n  j 


exp 


-narmEf^ 

A^n 


(6.42) 


dv^  . 


(6.43) 


Next,  we  derive  an  expression  for  the  probability  of  correct  symbol  detection. 
From  (6.26),  we  have 

/•oo  j-Vj  pVj 

=  Jk.LJo  Jo  -Jo  {v„v„...,v^\\)dv,dv,...dv. 

Since  the  random  variables  ,  where  m  =  l,2,...,M,  are  independent.  (6.43)  can  be 
written  as 

(""l  I  r  -^^2  i^2  I  fy^  (V3  |  \)dv,...\^^  {v^  \  \)dv. 

Using  (6.30)  in  (6.44),  we  get 


dv^  (6.44) 


Pc  = 


j*oo  \  /  \ 


M-1 


dv, . 


(6.45) 


Finally,  substituting  (6.32)  and  (6.33)  into  (6.45),  we  get 
Pc  = 


00  ^ 

f  1 

-(u  +2^/) 

J 

(•''i  1 

-u 

/7v 

J  2a^  ^ 

Vj 

2g" 

-'o 

1  J 

l.f  2c= " ” 

_2a^J 

(a-  1^2 

M-1 


Jvj  (6.46) 


which  can  be  partially  evaluated  to  obtain 


00 

A  =  I  ^exp 


-(vj  +2x4/J 
2^^ 


V  ^  yL 


1-exp 


-u 

2g' 


M-1 


Jvi .  (6.47) 
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Substituting  (6.39)  into  (6.47),  we  get 


r®  1 

1  OVfA 

-(e+24") 

T 

M-\ 

V(-i)” 

'M-r 

exp 

-nVj 

J.  2ci^  '’‘P 

2a" 

^0 

®  J 

«=0 

.  «  ) 

_2a"  J 

dv. 


2a' 


-exp 


2a" 


V  ^  y 


l-exp 


nM-1 


(6.48) 


t/Vj 


Using  (6.36)  in  (6.48)  and  interehanging  the  order  of  integration  and  summation, 


we  get 


H=n  ^  + 1 


"M-r 

-nE 

V  «  ) 

exp 

s 

_{n  +  \)N,_ 

2a:E^ 


^0  xexp 


), 

M-\ 

4 

14:  ^ 

l-exp  ^  ^ 

1 

dx 

(6.49) 


From  (6.49),  the  probability  of  eorreet  channel  detection  with  FEC  coding 
expressed  in  terms  of  and  code  rate  r  is 


n  +  l 


'M-\' 

-nrmEi^ 

V  «  2 

exp 

{n  +  l)N„ 

I, 


2(X:rmE, 


N, 


«  xexp 


^  i™g|,  1  y 
2  N, 


"  "/n 


\2rmE,, 


V  V  ^0  y 


l-exp 


Af-1 


(6.50) 


As  with  coherent  detection,  the  probability  of  block  error  is  obtained  by 
substituting  (6.27),  (6.42)  and  (6.50)  into  (6.24). 


The  performance  for  32-ary  orthogonal  signaling  with  a  (31,  15)  RS  code  and 
EED  in  AWGN  for  different  values  of  a  is  shown  in  Eigures  33  and  34.  Erom  Eigures  33 
and  34,  we  see  that  performance  degrades  for  large  a  (a  >  0.6) .  There  is  not  much 

difference  in  performance  for  a  less  than  0.4,  and,  at  7^=10  %  there  is  a  slight 
improvement  relative  to  a  =  0.0  when  a  =  0.5  . 
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E,/N^  (dB) 


Figure  33.  The  performance  of  32-ary  orthogonal  signaling  with  a  (31,  15)  RS  code  and 
FED  in  AWGN  for  different  values  of  a  for  noncoherent  demodulation. 
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Figure  34.  The  performance  of  32-ary  orthogonal  signaling  with  a  (31,  15)  RS  code  and 
FED  in  AWGN  for  different  values  of  a  for  noncoherent  demodulation. 


C.  COHERENT  DEMODULATION  IN  AWGN  AND  PNI 


The  probability  of  channel  erasure  with  EEC  and  BED  in  the  presence  of  PNI  is 
obtained  from  (2.13),  (2.15)  and  (6.15)  as 


Pe=9 


1-0 


(a-1) 


2rm 


Eb  P  E, 


A 

f 

X 

1-0 

a 

2rm 


Eb  pEb  j 


M-\ 


(6.51) 


+  (1-P) 


1-0 


(«-!)- 


\2rmE. 


1-0 


a 


2rmE. 
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Expressing  (6.51)  in  terms  of  = 

/  . 

1- 


and  ,  we  get 


Pe=9 


+  (1-P) 


i/(Yr‘+(pY/r 

g((a-l)^2rmYy.)  l-g(a^2rmY^) 

[l-0((a-l)V2''«Yi)][l-0(aV2''"^Yi) 


M-1 


(6.52) 


Similarly,  the  probability  of  correct  channel  detection  when  PNl  is  present  is 
given  by 

1  r® 


Pc  =  9 


-{\-a)yj2rmyj 

+(i-p)'  ‘ 


1- 


du 


/•OO 

42% 


q{u  +  yJlrmjj.  j 

\-q(u  +  .J24441) 


nM-1 


du 


(6.53) 


The  probability  of  channel  symbol  error  with  EED  and  the  probability  of  block 
error  are  now  obtained  as  before  when  only  AWGN  was  present. 

The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  p  =  9.\  (E^  /  Aq  =10  dB)  in  the  presence  of  AWGN  and  PNl  is 
shown  in  Eigure  35.  We  observe  that  0.0  <  a  <  0.5  provides  almost  the  same 
performance  at  /),=10  %  while  a  =  0.6  gives  poorer  performance.  Eor  a  >0.7,  the 
performance  worsens  significantly.  Since  a  =  0.0  implies  no  EED,  we  conclude  that 
there  is  very  little  improvement  in  the  performance  of  the  alternative  JTIDS  waveform 
when  EED  is  used  in  the  presence  of  AWGN  and  PNl. 
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Figure  35.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  /?  =  0.1  for  coherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  yC>  =  0.2  =  10  dB)  in  the  presence  of  AWGN  and  PNI  is 

shown  in  Figure  36.  We  observe  that  now  0.0  <  a  <  0.7  provides  almost  the  same 
performance  at  =  10  %  while  for  a  >  0.7 ,  performance  worsens  significantly. 
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Figure  36.  The  performanee  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  0.2  for  coherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  p  =  \  =  10  dB)  in  the  presence  of  AWGN  and  PNI  is  shown 

in  Figure  37.  As  previously,  when  /?  <  1 ,  we  observe  that  0.0  <  a  <  0.7  provides  almost 
the  same  performance  at  /),  =  10  %  while  for  a  >  0.7 ,  performance  worsens  significantly. 
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Figure  37.  The  performanee  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  /?  =  1  for  coherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


Next,  we  investigate  the  performance  of  the  alternative  waveform  with  EED  for 
different  p  when  a  =  0.5  since  this  results  in  slightly  better  performance  at  =10^^ . 
The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  with  EED  in  a 
PNI  environment  for  various  values  of  p  with  a  =  0.5  and  /  Aq  =  10  dB  is  shown  in 

Figure  38.  We  observe  that  at  P^^  =10^^ ,  as  p  decreases,  performance  is  degraded,  but 
the  degradation  is  limited  to  about  3.0  dB. 
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Figure  38.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  with  a  =  0.5  andE^  /  Ag  =  10  dB  for  different  values  of  p  for  coherent 

demodulation. 

Comparing  the  results  from  Figures  8  and  9  =10dB  and  a  =  0.0)  with 

those  from  Figure  38  (F’^/Ao=10dB  and  a  =  0.5),  we  see  that  for  /),=10^^  and 
0.2  <  p<\,  performance  is  about  the  same  or  even  slightly  worse  when  EED  is  used. 

Next,  we  investigate  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15) 
RS  coding  for  different  a  where  /?  =  0.1  and  I  Nq=  6.8  dB  in  the  presence  of  AWGN 
and  PNI  is  shown  in  Figure  39.  We  observe  that  0.0  <  a  <  0.4  provides  almost  the  same 
performance  at  =  10  %  while  a  =  0.5  gives  slightly  poorer  performance.  For  a  >  0.6 , 

the  performance  worsens  significantly.  Since  a  =  0.0  implies  no  EED,  we  conclude  that 
there  is  very  little  improvement  in  the  performance  of  the  alternative  JTIDS  waveform 
when  EED  is  used  in  the  presence  of  AWGN  and  PNI  regardless  of  whether  /  Nq  is 
large  or  not. 
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Figure  39.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  /?  =  0.1  for  coherent  demodulation 

whenEj !  Nq=  6.8  dB . 


As  previously,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS 
coding  for  different  a  where  p  =  0.2  =  6.8  dB)  in  the  presence  of  AWGN  and 

PNI  is  shown  in  Figure  40.  We  observe  that  0.0  <  a  <  0.4  provides  almost  the  same 
performance  at  /),  =  10^^ .  For  a  >  0.6 ,  performance  worsens  significantly. 
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Figure  40.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  0.2  for  coherent  demodulation 

whenE^  /  ~  6.8  dB  . 


Additionally,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS 
coding  for  different  a  where  p  =  \  =  6.8  dB)  in  the  presence  of  AWGN  and 

PNI  is  shown  in  Figure  41.  As  previously,  when  /?<!,  we  observe  that  0.0<a<0.5 
provides  almost  the  same  performance  at  /),=10  %  while  for  a  >0.7,  performance 
worsens  significantly. 


73 


Figure  41 .  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  1  for  coherent  demodulation 
whenE^  /  ~  6.8  dB  . 

Finally,  we  investigate  the  performance  of  the  alternative  waveform  with  FED  for 
different  p  when  a  =  0.3  since  this  results  in  slightly  better  performance  at  =10^^ . 
The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  with  FED  in  a 
PNI  environment  for  various  values  of  p  with  a  =  0.3  and  Ej^l  6.8  dB  is  shown  in 

Figure  42.  We  observe  that  at  =10^^ ,  as  p  decreases,  performance  is  degraded,  but 
the  degradation  is  limited  to  about  F7  dB. 
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Figure  42.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  with  a  =  0.3  andE^  /  =  6.8  dB  for  different  values  of  p  for  coherent 

demodulation. 

Again,  comparing  the  results  from  Figures  8  and  9  =  6.8  dB  and  a  =  0.0) 

with  those  from  Figure  42  (F^  /  Ag  =  6.8  dB  and  a  =  0.3  ),  we  see  that  for  =10^^  and 
0.2  <  /?  <  1 ,  performance  is  about  the  same  or  even  slightly  worse,  just  as  when  F^  /  Ag  is 
larger.  As  a  result,  we  conclude  that  EED  provides  no  additional  benefit  when  coherent 
detection  is  used. 

D.  NONCOHERENT  DEMODULATION  IN  AWGN  AND  PNI 

The  probability  of  channel  erasure  with  FEC  and  EED  in  the  presence  of  PNI  is 
obtained  from  (2.13),  (2.15)  and  (6.42)  as 
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In  a  similar  manner,  the  probability  of  eorreet  ehannel  detection  with  EEC  and 
EED  in  the  presence  of  PNI  is  obtained  by  adapting  (6.50)  to  get 
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The  probability  of  channel  symbol  error  with  EED  and  the  probability  of  block 
error  are  now  obtained  as  before  when  only  AWGN  was  present. 

The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  p  =  0.\  (E^  /  =10  dB)  in  the  presence  of  AWGN  and  PNI  is 

shown  in  Eigure  43.  We  observe  that,  for  =10  %  0.0<a<0.3  provides  almost  the 

same  performance.  Eor  a  >  0.4 ,  the  performance  worsens  significantly.  Since  a  =  0.0 
implies  no  EED,  we  conclude  that  there  is  very  little  improvement  in  the  performance  of 
the  alternative  JTIDS  waveform  from  using  EED  in  the  presence  of  AWGN  and  PNI. 
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Figure  43.  The  performanee  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  /?  =  0.1  and  for  noncoherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


The  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  p  =  0.2  =  10  dB)  in  the  presence  of  AWGN  and  PNI  is 

shown  in  Figure  44.  We  observe  that  for  =10  %  0.0<a<0.4  provides  almost  the 
same  performance.  For  a  >  0.6  ,  performance  worsens  significantly. 
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Figure  44.  The  performanee  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  0.2  and  for  noneoherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


The  performanee  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  eoding  for 
different  values  of  a  where  p  =  \  =  10  dB)  in  the  presenee  of  AWGN  and  PNI 

is  shown  in  Figure  45.  We  observe  that  0.0<a<0.6  provides  almost  the  same 
performanee  at  /),  =  10^^ ,  but  a  =  0.5  gives  slightly  better  performanee  than  a  =  0.0 .  For 
a  >  0.6 ,  performanee  worsens  signifieantly. 
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Figure  45.  The  performanee  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  \  and  for  noneoherent  demodulation 

whenE^  /  Ag  =  10  dB  . 


Next,  we  investigate  the  performanee  of  the  alternative  waveform  with  BED  for 
different  p  when  a  =  0.3  sinee  performanee  is  slightly  better  for  /^=10^^.  The 
performanee  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  eoding  with  BED  in  a  PNI 
environment  for  various  values  of  p  with  a  =  0.3  and  E'^/Ao=10dB  is  shown  in 

Figure  46.  We  observe  that,  for  =10  %  as  p  deereases,  performanee  is  degraded,  but 
the  degradation  is  limited  to  about  3.0  dB. 
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Figure  46.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  with  a  =  0.3  and  =10  dB  for  and  different  values  of  p  for 

noncoherent  demodulation. 

Comparing  the  results  of  Figures  8  and  9  ( /  Ag  =  1 0  dB  and  a  =  0.0  )  with  those 
of  Figure  46  (F’j/Ao=10dB  and  a  =  0.3),  we  see  that  for  /),=10^^  and  0.1  </?<!, 
performance  is  not  improved  by  EED. 

Next,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  for 
different  a  where  p  =  0.\  and  /  Ag  =  6.8  dB  in  the  presence  of  AWGN  and  PNI  is 
shown  in  Figure  47.  We  observe  that  0.0  <  a  <  0.4  provides  almost  the  same 
performance  at  i),=10  %  while  a  =  0.5  and  a  =  0.6  give  poorer  performance.  For 

a  >  0.6 ,  the  performance  worsens  significantly.  Since  a  =  0.0  implies  no  EED,  we 
conclude  that  there  is  very  little  improvement  in  the  performance  of  the  alternative  JTIDS 
waveform  when  EED  is  used  in  the  presence  of  AWGN  and  PNI. 
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Figure  47.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  /?  =  0.1  and  for  noncoherent  demodulation 

whenE^ !  Nq=  6.8  dB . 


As  previously,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS 
coding  for  different  a  where  p  =  0.2  {E^l  Nq=  6.8  dB)  in  the  presence  of  AWGN  and 

PNI  is  shown  in  Figure  48.  We  observe  that,  for  =  10^^ ,  0.0  <  a  <  0.5  provides  almost 
the  same  performance.  For  a  >  0.6 ,  performance  worsens  significantly. 
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Figure  48.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  0.2  and  for  noncoherent  demodulation 

whenE^  /  ~  6.8  dB  . 

Finally,  the  performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding 
for  different  values  of  a  where  p  =  \  /  Ag  =  6.8  dB)  in  the  presence  of  AWGN  and 

PNI  is  shown  in  Figure  49.  We  observe  that  a  =  0.2  and  a  =  0.4  provide  almost  the 
same  performance  at  /),=10  %  while  a  =  0.5  anda  =  0.6  give  slightly  better 
performance  than  a  =  0.0 .  For  a  >  0.7 ,  performance  worsens  significantly. 
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Figure  49.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  for  different  values  of  a  with  p  =  \  and  for  noncoherent  demodulation 

whenE^ !  Nq=  6.8  dB . 

Now,  we  consider  the  performance  of  the  alternative  waveform  with  BED  for 
different  p  when  a  =  0.3  since  performance  is  slightly  better  for  /^=10^^.  The 
performance  of  32-ary  orthogonal  signaling  with  (31,  15)  RS  coding  with  BED  in  a  PNI 
environment  for  various  values  of  p  with  a  =  0.3  and  =  6.8  dB  is  shown  in 

Figure  50.  We  observe  that,  for  =10  %  as  p  decreases,  performance  is  degraded,  but 
the  degradation  is  limited  to  about  1.4  dB. 
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Figure  50.  The  performance  of  32-ary  orthogonal  signaling  with  FED  in  AWGN  and 
PNI  with  a  =  0.3  and  Ei^l  Nq=  6.8  dB  for  and  different  values  of  p  for 

noncoherent  demodulation. 

gain,  comparing  the  results  from  Figures  8  and  9  /  Aq  =  6.8  dB  and  a  =  0.0) 

with  those  from  Figure  50  /  Ag  =  6.8dB  and  a  =  0.3  ),  we  see  that  for  =10^^  and 

0. 1  <  p<\,  performance  is  not  improved  by  using  EED. 

E.  CHAPTER  SUMMARY 

In  this  chapter,  the  performance  of  the  alternative  JTIDS  waveform  with  EED  in 
AWGN  only  as  well  as  AWGN  and  PNI  for  both  coherent  and  noncoherent  demodulation 
was  examined.  In  the  next  chapter,  the  findings  of  this  thesis  are  summarized. 
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VII.  CONCLUSIONS  AND  FUTURE  WORK 


A.  CONCLUSIONS 

This  thesis  presented  an  alternative  JTIDS/Link-16  waveform,  32-ary  orthogonal 
signaling  with  (31,  15)  RS  eoding,  to  the  JTIDS/Link-16  waveform.  Both  eoherent  and 
noneoherent  demodulation  of  the  proposed  waveform  were  analyzed,  and  subsequently 
the  performanee  obtained  was  eompared  with  that  for  the  existing  JTIDS/Link-16 
waveform  for  AWGN  as  well  as  PNI.  When  only  AWGN  is  present,  the  alternative 
waveform  outperforms  the  JTIDS/Link-16  waveform  by  1.7  dB  and  1.4  dB  for  eoherent 
and  noneoherent  deteetion,  respeetively,  when  /),  =10^^ .  When  PNI  is  also  present,  the 
maximum  degradation  of  the  alternative  waveform  is  2.8  dB  and  3.1  dB  at  /?  =  0.2  for 
eoherent  and  noneoherent  detection,  respectively,  when  /),  =10^^  and  ^'^/Ag  =10  dB. 
For  the  same  conditions,  the  JTIDS/Link-16  waveform  suffers  a  further  degradation  of 
3.1  dB  and  4.2  dB  for  coherent  and  noncoherent  detection,  respectively.  When  is 

reduced,  the  absolute  improvement  in  performance  obtained  with  the  alternative 
waveform  is  smaller. 

We  found  very  little  benefit  to  LED  for  the  alternative  waveform  since  there  is 
only  a  small  improvement  in  performance  as  compared  to  errors-only  decoding 
regardless  of  whether  detection  is  coherent  or  noncoherent.  This  result  is  rather  surprising 
since  EED  usually  improves  the  performance  of  a  waveform  when  PNI  is  present. 

B,  FUTURE  RESEARCH  AREAS 

We  examined  an  alternative  JTIDS/Eink-16  waveform  that  consists  of  32-ary 
orthogonal  signaling  with  (31,15)  RS  coding  and  provides  an  improvement  in 
performance  over  the  existing  JTIDS/Eink-16  waveform. 

The  performance  of  either  the  original  or  the  alternative  waveform  might  be 
further  improved  by  using  either  a  concatenated  code  or  a  non-binary  convolutional  code. 
The  alternative  waveform  should  also  be  evaluated  assuming  differential  encoding.  In 
this  thesis,  the  alternative  waveform  is  compared  only  to  the  JTIDS/Eink-16  single-pulse 
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waveform.  The  alternative  waveform  should  be  evaluated  as  a  double-pulse  waveform 
and  eompared  to  the  JTIDS/Lmk-16  double-pulse  waveform.  Finally,  the  alternative 
waveform  should  be  analyzed  when  channel  fading  is  a  factor. 
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